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DESCRIPTION 
MULTI LAYER PIEZOELECTRIC ELEMENT 
FIELD OF THE INVENTION 
[0001] 

The present invention relates to a multi-layer piezoelectric element and 
an injection apparatus, for example, piezoelectric transducer, fuel injection 
apparatus of automobile engine, and multi-layer piezoelectric actuator used as 
a drive unit in precision positioning device or vibration preventing device for 
an optical apparatus. 
BACKGROUND ART 
[0002] 

Multi-layer piezoelectric actuators constituted from piezoelectric layers 
and internal electrodes stacked alternately one on another have been known as 
an example of the multi-layer piezoelectric element. The multi-layer 
piezoelectric actuators can be divided into two categories- fired-at-once type 
and stacked type that comprises piezoelectric porcelain and internal electrode 
sheet stacked alternately one on another* When the requirements to reduce 
the operating voltage and the manufacturing cost are taken into consideration, 
the multi-layer piezoelectric actuator of fired-at-once type has been recognized 
to be more advantageous for the reason of smaller layer thickness. 
[0003] 

Fig, 6 shows a multi-layer piezoelectric actuator of the prior art. This 
actuator comprises a stack 53 formed by stacking the piezoelectric layers 51 
and the internal electrodes 52 alternately. Placed on both ends of the stack in 
the direction of stacking are inactive layers 55. The internal electrodes 52 are 
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formed so that one end thereof is exposed at the side face of the stack 53 on the 
right hand side in one layer and on the left hand side in the next layer, and an 
external electrode 70 is formed on the side face of the stack 53 where the end 
of the internal electrode 52 is exposed. The other end of the internal electrode 
52 is covered by an insulating material 61 so as to be insulated from the 
external electrode 70. 

The multi-layer piezoelectric actuator of fired-at-once type has been 
manufactured by stacking a predetermined number of ceramic green sheets 
formed from a calcined powder of piezoelectric material and an organic binder, 
with an internal electrode paste made by mixing a silver -palladium powder 
and a binder being printed on the ceramic green sheets, thereby forming a 
green compact from the stack, and firing the green compact after removing the 
organic materials by heating to a predetermined temperature. 
[0004] 

The piezoelectric material of the prior art requires a temperature in a 
range from 1200 to 1300°C for firing, and accordingly silver-palladium with a 
high content of expensive palladium has been used to form the internal 
electrode. With the advancement in the technology of low temperature firing 
in recent years, piezoelectric materials that can be fired at a temperature 
around 1100°C have been developed. With these piezoelectric materials, 
however, it has been necessary to use silver -palladium consisting of 70% by 
weight of silver and 30% by weight of palladium when the melting point of the 
internal electrode is taken into account. 

The external electrode has been formed by using an electrically 
conductive paste consisting of 83 to 99% by weight of silver, 1 to 17% by weight 
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of glass powder and an organic component, applying the paste on the side faces 
of the stack 53 and firing it at a temperature in a range from 500 to 1000°C 
(refer to, for example, Patent Document lX 

Patent Document 1* Japanese Unexamined Patent Publication (Kokai) No. 
2000-40635 

Patent Document 2: Japanese Unexamined Utility Model Publication (Kokai) 
No. 60-99522 

Patent Document 3- Japanese Unexamined Patent Publication (Kokai) No. 61- 
133715 

Patent Document 4" Japanese Unexamined Utility Model Publication (Kokai) 
No. 1-130568 

DISCLOSURE OF THE INVENTION 
Problems to be Solved by the Invention 
[0005] 

The multi-layer piezoelectric actuator of the prior art has such problems 
that, when operated continuously over a long period of time under a high 
electric field and a high pressure, the external electrode 70 becomes unable to 
accommodate the expansion and contraction of the stack 53 and breaks, or 
continuity failure occurs between the external electrode 70 and the internal 
electrode 52, thus shutting off the current supply to part of the piezoelectric 
layers 51 and resulting in alteration of the displacement characteristic during 
operation* 
[0006] 

In recent years, in order to achieve a large amount of displacement 
under a high pressure with a multilayer piezoelectric actuator of smaller size, 



3 



it is in practice to make continuous operation over a long period of time with a 
higher electric field applied. However, the external electrode 70 cannot be 
made flexible enough simply by applying and baking the electrically 
conductive paste on the side face of the stack 53, and the external electrode 70 
becomes unable to follow the expansion and contraction of the stack 53 in the 
direction of stacking. Thus such failures occur as continuity failure or peel-off 
between the internal electrode 52 and the external electrode 70 or crack in the 
external electrode 70 that leads to breakage, thus shutting off the current 
supply to part of the piezoelectric layers 51 and resulting in alteration of the 
displacement characteristic during operation. 

Moreover, there has been such a problem that use of the expensive 
palladium in a proportion as high as 30% by weight results in a high 
manufacturing cost. 
[0007] 

Accordingly, an object of the present invention is to provide a multi- 
layer piezoelectric element and an injection apparatus of high durability 
wherein the internal electrodes and the external electrodes do not break even 
when operated continuously over a long period of time under high electric field 
and high pressure. 
Means for Solving the Problems 
[0008] 

A first multi-layer piezoelectric element according to the present 
invention comprises a stack formed by stacking piezoelectric layers and 
internal electrodes alternately one on another and external electrodes formed 
on a first side face and on a second side face of the stack, wherein one of the 
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adjacent internal electrodes is connected to the external electrode formed on 
the first side face and the other internal electrode is connected to the external 
electrode formed on the second side face, and the external electrodes include 
an electrically conductive material and glass and is formed from a porous 
electrically conductive material that has a three-dimensional mesh structure. 
[0009] 

In the first multi-layer piezoelectric element described above, since the 
external electrodes include the electrically conductive material and glass and 
are formed from a porous electrically conductive material that has a three- 
dimensional mesh structure, the external electrodes are flexible in nature and 
can deform in conformity with the expansion and contraction of the actuator 
constituted from the stack in the direction of stacking during operation, thus 
making it possible to prevent the external electrode from breaking and contact 
failure from taking place between the internal electrode and the external 
electrode* 

Thus according to the first multi-layer piezoelectric element of the 
present invention, the external electrodes can satisfactorily absorb the stress 
generated by the expansion and contraction of the stack, and therefore a multi- 
layer piezoelectric element of high reliability can be provided where the 
external electrodes and the internal electrodes can be prevented from breaking 
even when operated continuously at a high speed over a long period of time 
under high electric field and high pressure. 
[0010] 

In the first multi-layer piezoelectric element of the present invention, it 
is preferable that the external electrodes are partially joined onto the first side 
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face and the second side face. By joining the external electrodes partially onto 
the side faces of the stack, it is made possible to absorb the stress generated by 
the expansion and contraction of the stack more flexibly than in the case of 
joining over the entire surface. 
[0011] 

Moreover, in the first multi-layer piezoelectric element of the present 
invention, it is preferable that the electrically conductive material of the 
external electrodes includes silver as the main component. The external 
electrodes formed from the electrically conductive material consisting of silver 
that has a low value of Young's modulus is capable of more flexibly absorbing 
the stress generated by the expansion and contraction of the stack. Also by 
making the electrically conductive material that constitutes the external 
electrodes from silver, it becomes easier to form diffusion junction with silver- 
palladium alloy that is commonly used as the electrically conductive material 
of the internal electrodes, thus connecting the external electrodes and the 
internal electrodes more firmly. 
[0012] 

In the first multi-layer piezoelectric element of the present invention, it 
is also preferable that the softening point of the glass used in the external 
electrodes is not higher than the melting point of the electrically conductive 
material that constitutes the external electrodes. This makes it possible to set 
the baking temperature of the external electrodes at a temperature not higher 
than the melting point the electrically conductive material and not lower than 
the softening point of the glass, so that coagulation of the electrically 
conductive material can be prevented from occurring and bonding by the glass 
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component with sufficient strength can be achieved, 
[0013] 

In the first multi-layer piezoelectric element of the present invention, it 
is also preferable that the metal component of the internal electrode includes 
Ag as the main component and 15% by weight or less of at least one kind of the 
Pd and Pt group metals. When the internal electrode includes 15% by weight 
or less of at least one kind of the Pd and Pt group metals, difference in 
composition between the internal electrodes and the external electrodes can be 
made smaller so as to achieve better cross diffusion of metals between the 
internal electrodes and the external electrodes, thus resulting in higher 
reliability of the joint between the internal electrodes and the external 
electrodes and improvement in durability. 
[0014] 

A second multi-layer piezoelectric element according to the present 
invention comprises a stack formed by stacking piezoelectric layers and 
internal electrodes alternately one on another and external electrodes formed 
on a first side face and on a second side face of the stack, wherein one of the 
adjacent internal electrodes is connected to the external electrode formed on 
the first side face and the other internal electrode is connected to the external 
electrode formed on the second side face, the internal electrodes and the 
external electrodes include silver, while the proportions of silver in the 
internal electrodes and in the external electrodes are set so that the ratio of 
silver content X (% by weight) to the entire electrically conductive material 
included in the internal electrode and the ratio of silver content Y (% by 
weight) to the total weight of the electrically conductive material and glass 
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included in the external electrodes satisfy conditions of X > 85 and 0.9 < X/Y < 

1.1. 

[0015] 

When the proportions of silver in the internal electrodes and in the 
external electrodes are set in such a manner as in the second multi-layer 
piezoelectric element, the use of expensive palladium can be reduced and it is 
made possible to manufacture the multi-layer piezoelectric element at a lower 
cost. 

Also because the weight proportion of silver in the electrically 
conductive material that constitutes the internal electrode and the weight 
proportion of silver in the external electrode become substantially equal, cross 
diffusion of silver that is included in the external electrode and silver included 
in the internal electrode is accelerated when the external electrodes are 
bonded by baking onto the stack. This enables it to firmly bond the internal 
electrode and the external electrode, so that excellent durability is achieved 
such that the internal electrodes and the external electrodes do not break even 
when operated continuously over a long period of time under high electric field 
and high pressure. 
[0016] 

Also in the second multr layer piezoelectric element of the present 
invention, it is preferable that the internal electrodes include the piezoelectric 
material, and that the proportion Z (% by weight) of silver to the total weight 
of the internal electrode including the piezoelectric material satisfies condition 
of0.7<Z/Y<1.0. 

By including the piezoelectric material in the internal electrodes 
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described above, it is made possible to sinter the piezoelectric material at the 
same time the electrically conductive material included in the internal 
electrode is fired so as to improve the bonding strength of the internal 
electrodes and the piezoelectric material and improve the durability of the 
stack. 

By setting the proportion Z (% by weight) of silver in the internal 
electrode so as to satisfy the condition of 0.7 < Z/Y < 1.0, the weight proportion 
of silver in the electrically conductive material that constitutes the internal 
electrode and the weight proportion of silver in the external electrode become 
substantially equal, so that cross diffusion of silver that is included in the 
external electrode and silver included in the internal electrode is accelerated 
when the external electrodes are bonded by baking onto the stack, and 
therefore it is made possible to firmly join the internal electrode and the 
external electrode, so that the joint between the internal electrode and the 
external electrode do not break even when operated at a high speed. 
[0017] 

In the second multi-layer piezoelectric element of the present invention, 
it is also preferable that the external electrodes are formed from a porous 
electrically conductive material that has a three-dimensional mesh structure. 
This makes the external electrodes flexible in nature and capable of deforming 
in conformity with the expansion and contraction of the stack in the direction 
of stacking during operation, thus making it possible to prevent the external 
electrode from breaking and contact failure from taking place between the 
internal electrodes and the external electrodes. 
[0018] 
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Also in the second multi-layer piezoelectric element of the present 
invention, it is preferable that the softening point (°C) of the glass used in the 
external electrodes is not higher than 4/5 of the melting point (°C) of the 
electrically conductive material that constitutes the internal electrodes. 

When the softening point of the glass used in the external electrodes is 
set as described above, the external electrode can be bonded by baking at a 
temperature sufficiently lower than the melting point of the electrically 
conductive material that constitutes the internal electrode and is higher than 
the softening point of the glass. As a result, it is made possible to prevent the 
electrically conductive material in the internal electrode and in the external 
electrode from coagulating, and cause the electrically conductive material 
included in the internal electrode and the electrically conductive material 
included in the external electrode to fully bonded through diffusion, so that 
strong bonding can be achieved by the softened glass. 
[0019] 

In the first and second multi-layer piezoelectric elements of the present 
invention, it is also preferable that void ratio of the external electrode is in a 
range from 30 to 70% by volume, in order to effectively absorb stress generated 
by the expansion and contraction of the stack during operation so that the 
external electrode can be prevented from breaking, 
[0020] 

In the first and second multi-layer piezoelectric element of the present 
invention, it is also preferable that the glass that constitutes the external 
electrode is amorphous. When the glass that constitutes the external electrode 
is amorphous, it has Young's modulus of a value lower than that of a 
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crystalline material and therefore cracks or other defects can be suppressed 

from occurring in the external electrodes. 

[0021] 

A third multi-layer piezoelectric element according to the present 
invention comprises a stack formed by stacking piezoelectric layers and 
internal electrodes alternately one on another and external electrodes formed 
on a first side face and on a second side face of the stack, wherein one of the 
adjacent internal electrodes is connected to the external electrode formed on 
the first side face and the other internal electrode is connected to the external 
electrode formed on the second side face, while the internal electrodes are 
made of an electrically conductive material that includes silver as the main 
component and at least one of palladium and platinum as well, the external 
electrodes are constituted from an electrically conductive material consisting 
mainly of silver and glass, and the proportion of silver included in electrically 
conductive material of the internal electrode near the junction with the 
external electrode is higher than the proportion of silver included in the 
electrically conductive material of the internal electrode located inside of the 
stack. 
[0022] 

In the multi-layer piezoelectric element of the present invention having 
the constitution described above, the connection between the electrically 
conductive material of the internal electrode and the electrically conductive 
material of the external electrode becomes secure and strong, thus preventing 
such a problem from occurring as the internal electrode and the external 
electrode come off at the junction thereof, even when operated continuously 
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under a high electric field. 

That is, as the proportion of silver included in the electrically conductive 
material of the internal electrode near the junction with the external electrode 
is set higher than the proportion of silver included inside of the stack in order 
to form a firm joint with the electrically conductive material of the external 
electrode that is formed mainly from silver, concentration of silver as the main 
component of the electrically conductive material of the external electrode and 
concentration of silver in the electrically conductive material of the internal 
electrode can be approximate to each other, thus making the junction between 
the internal electrode and the external electrode more secure through cross 
diffusion of silver. 
[0023] 

In other words, since concentration of silver in the electrically 
conductive material of the external electrode and concentration of silver in the 
electrically conductive material of the internal electrode in a region near the 
junction with the external electrode are made approximately equal to each 
other, cross diffusion of silver included in the external electrode and silver 
included in the internal electrode is accelerated when the external electrode is 
bonded by baking onto the stack. This enables it to firmly join the internal 
electrode and the external electrode, so that excellent durability is achieved 
such that the internal electrode and the external electrode do not break even 
when operated continuously over a long period of time under high electric field 
and high pressure. 
[0024] 

In the third multi-layer piezoelectric element of the present invention, it 
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is preferable that the proportion of silver included in the electrically 
conductive material of the internal electrode becomes higher toward the 
external electrode. Since this arrangement results in a gradient of silver 
concentration that varies continuously, stable internal electrode and stable 
junction between the internal electrode and the external electrode can be 
achieved. 
[0025] 

Also in the third multi-layer piezoelectric element of the present 
invention, it is preferable that a neck is formed in the joint between the 
internal electrode and the external electrode so as to achieve diffusion junction. 
Formation of the neck enables it to prevent spark or breakage from occurring 
in the joint between the internal electrode and the external electrode even 
when the device is operated at a high speed with a large electric current. 
[0026] 

Also in the third multilayer piezoelectric element of the present 
invention, it is preferable that the proportion of silver included in the 
electrically conductive material of the internal electrode is 85% by weight or 
higher. Such a high proportion of silver in the internal electrodes makes the 
junction thereof with the external electrode more secure through the diffusion 
of silver. The proportion of silver included in the electrically conductive 
material of the internal electrode refers to the proportion of silver within the 
stack where the proportion of silver included in the internal electrode does not 
vary. 
[0027] 

Also in the third multi-layer piezoelectric element of the present 
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invention, it is preferable that the glass component included in the external 
electrode substantially exists in a region not more than 80% in thickness of the 
external electrode on the side of the surface of the stack. 

When the glass component included in the external electrode exists 
substantially in a region not more than 80% in thickness of the external 
electrode on the side of the surface of the stack, such a constitution of the 
external electrode can be obtained that substantially only the electrically 
conductive material that includes silver as the main component exists on the 
surface of the external electrode exposed to the atmosphere, thereby providing 
the external electrode surface that is satisfactorily wetted by solder when a 
lead wire is soldered onto the external electrode. 
[0028] 

Also in the third multi-layer piezoelectric element of the present 
invention, it is also preferable that the glass component included in the 
external electrode includes lead oxide or bismuth oxide. The external electrode 
can be joined more firmly with the piezoelectric material when the glass 
component of the external electrode includes lead oxide or bismuth oxide. 
[0029] 

In the first through third multi-layer piezoelectric elements of the 
present invention, it is preferable that diffusion junction is formed between the 
external electrode and the internal electrode at the ends thereof and the 
electrically conductive material of the internal electrode diffuses into the 
external electrode so as to form a neck. The diffusion junction between the 
electrically conductive material of the external electrode and the internal 
electrode makes the joint more firm. Thus it is made possible to prevent 
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localized heat generation, spark or breakage from occurring in the joint 
between the internal electrode and the external electrode even when the device 
is operated at a high speed with a large electric current. 
[0030] 

Also in the first through third multi-layer piezoelectric elements of the 
present invention, it is preferable that a glass-rich layer is formed on the 
surface of the external electrode on the side thereof facing the piezoelectric 
layer. Formation of the glass-rich layer on the surface of the external electrode 
on the side thereof facing the piezoelectric layer improves the strength of 
joining the external electrode and the stack. 
[0031] 

Also in the first through third multi-layer piezoelectric elements of the 
present invention, it is preferable that thickness of the external electrode is 
smaller than that of the piezoelectric layer that constitutes the stack. When 
the external electrode is formed with a small thickness, hardness of the 
external electrode becomes lower and the load on the joint between the 
internal electrode and the external electrode can be decreased when the stack 
expands or contracts during operation, thus making it possible to suppress 
contact failure from occurring in the joint* 
[0032] 

Also in the first through third multi-layer piezoelectric elements of the 
present invention, it is preferable that a groove is formed between the end of 
the other internal electrode and the external electrode on the first side face, 
with the groove being filled with an insulating material, while a groove is 
formed between the end of the one internal electrode and the external 
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electrode on the second side face, with the groove being filled with an 
insulating material, and the insulating material has Young's modulus of value 
lower than that of the piezoelectric material. 

This constitution enables it to ensure the insulation between the 
internal electrode and the external electrode, and enables the insulating 
material provided in the groove to deform in conformity with the expansion 
and contraction of the stack during operation, thereby preventing crack and 
other defects from occurring in the vicinity of the groove and reducing the 
occurrence of stress. 
[0033] 

In the first through third multi-layer piezoelectric elements of the 
present invention, an electrically conductive assisting member formed from an 
electrically conductive adhesive, including a metal mesh or a mesh-like metal 
sheet embedded therein, may be provided on the external surface of the 
external electrode. With this constitution, since it is made possible to cause a 
large current to flow in the electrically conductive assisting member when the 
device is operated at a high speed with a large current, the external electrode 
can be prevented from breaking due to localized heat generation and durability 
can be greatly improved. 

By embedding the metal mesh or mesh-like metal sheet in the 
electrically conductive assisting member, it is made possible to prevent cracks 
from occurring in the electrically conductive adhesive due to the expansion and 
contraction of the stack during operation. 
[0034] 

Further in the multi-layer piezoelectric elements described above, it is 
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preferable that the electrically conductive adhesive is polyimide resin having 
electrically conductive particles dispersed therein. When polyimide resin that 
has high heat resistance is used as the matrix component of the electrically 
conductive adhesive, high bonding strength of the electrically conductive 
adhesive can be maintained even used at a high temperature. 
[0035] 

It is also preferable that the electrically conductive particles included in 
the electrically conductive adhesive are silver particles. When the electrically 
conductive particles are silver particles having low specific resistance, 
resistance of the electrically conductive adhesive can be made lower, so that 
localized heat generation can be prevented from occurring even when the stack 
is operated with a large current. Moreover, the electrically conductive 
particles are preferably non-spherical particles such as flakes or acicular 
particles, since it makes the electrically conductive particles entwined firmly 
with each other, thereby increasing the strength of the electrically conductive 
adhesive. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0036] 

Fig. 1A is a perspective view of a multi-layer piezoelectric element 
according to first through third embodiments of the present invention. 

Fig. IB is a longitudinal sectional view taken along lines A-A ? of Fig. 1A. 

Fig. 2A is a sectional view showing enlarged part of Fig. IB. 

Fig. 2B is a sectional view showing enlarged part of Fig. 2A. 

Fig. 2C is a photograph of the same section as shown in Fig. 2B. 

Fig, 3A is a sectional view showing a stage after forming a groove in a 
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side face in a method for manufacturing the multi-layer piezoelectric element 
of the present invention. 

Fig. 3B is a sectional view showing a stage after forming an electrically 
conductive paste 21 on a side face in the method for manufacturing the multi- 
layer piezoelectric element of the present invention. 

Fig. 3C is a sectional view showing a stage after forming the external 
electrode 4 on a side face in the method for manufacturing the multi-layer 
piezoelectric element of the present invention. 

Fig. 4A is a perspective view of the multi-layer piezoelectric element 
according to the present invention where an electrically conductive assisting 
member is formed on the external surface of the external electrode. 

Fig. 4B is a sectional view of Fig. 4B. 

Fig, 4C is a sectional view showing enlarged part of Fig. 4B. 

Fig. 5 is a sectional view showing the constitution of an injection 
apparatus according to fourth embodiment of the present invention. 

Fig. 6 is a sectional view of a multi-layer piezoelectric actuator of the 
prior art. 

Fig. 7 is a graph showing the proportion of silver content in electrically 
conductive material of the internal electrode according to the fourth 
embodiment of the present 

DESCRIPTION OF REFERENCE NUMERALS 
[0037] 

i: Piezoelectric material 
2: Internal electrode 
3: Insulating material 
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Piezoelectric actuator 



MODE FOR CARRYING OUT THE INVENTION 
[0038] 

First Embodiment 

Fig. 1A is a perspective view of a multi-layer piezoelectric element 
(multi-layer piezoelectric actuator) according to a first embodiment of the 
present invention, and Fig. IB is a longitudinal sectional view taken along 
lines A-A' of Fig. 1A. 
[0039] 

The multi-layer piezoelectric actuator of the first embodiment comprises 
a stack 10 having rectangular prism shape formed by stacking a plurality of 
piezoelectric layers 1 and a plurality of internal electrodes 2 alternately and 
external electrodes 4 formed on the side faces of the stack so as to be connected 
to the internal electrodes 2 in every other layer, as shown in Fig. 1A and Fig. 
IB, Specifically, end of the internal electrode 2 is covered by an insulating 
material 3 in every other layer on the side face where the external electrode 4 
is formed, so that the end face of the internal electrode 2 that is not covered by 
the insulating material 3 communicates with the external electrode 4. The 
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external electrode 4 is formed from a porous electrically conductive material 
that has a three-dimensional mesh structure made of an electrically conductive 
material containing silver as the main component and glass, and a lead wire 6 
is connected to the external electrode 4. Portion of the stack 10 identified by 
reference numeral 9 is an inactive layer wherein the internal electrode is not 
formed. 
[0040] 

While the internal electrode 2 is disposed between the piezoelectric 
layers 1, the internal electrode 2 is formed from a metallic material such as 
silver-palladium and is used to apply a predetermined voltage to the 
piezoelectric layers 1, so that the piezoelectric element undergoes a 
displacement by the reverse piezoelectric effect according to the magnitude of 
voltage applied. 
[0041] 

Formed on the side face of the stack 10 in every other layer are grooves 
measuring 30 to 500 pm in depth and 30 to 200 pm in width in the stacking 
direction. The grooves are filled with glass, epoxy resin, polyimide resin, 
poly amide -imide resin, silicone rubber or the like that has Young's modulus 
lower than that of the piezoelectric material 1 so as to form an insulating 
material 3. The insulating material 3 is preferably a material having a low 
value of elastic coefficient, particularly silicone rubber or the like, that can 
deform in conformity with the displacement of the stack 10, in order to make a 
firm joint with the stack 10. 
[0042] 

The external electrodes 4 are connected to the two opposing side faces of 
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the stack 10, and the external electrodes 4 are electrically connected to the 
internal electrodes 2 that are stacked in every other layer. The external 
electrodes 4 serve to supply the voltage that is required in common to cause 
the piezoelectric layers 1 to undergo displacement by the reverse piezoelectric 
effect, to the internal electrodes 2 that are connected thereto. 
[0043] 

Connected to the external electrode 4 is a lead wire 6 by soldering. The 
lead wire 6 serves to connect the external electrode 4 to an outside power 
supply. 
[0044] 

The first embodiment is characterized in that the external electrode 4 
includes an electrically conductive material and glass, and is formed from a 
porous electrically conductive material having three-dimensional mesh 
structure as shown in Fig. 2. The three-dimensional mesh structure refers to 
such a condition of the material as an electrically conductive powder and a 
glass powder that constitute the external electrode 4 are fired at a relatively 
low temperature so that voids exist in such a state as sintering has not fully 
progressed with voids therein somewhat linked with each other because the 
electrically conductive powder that constitutes the external electrode 4 and the 
glass powder are fired at a relatively low temperature, and are bonded with 
each other in a three-dimensional configuration, rather than a state where 
spherical voids are included in the external electrode 4. Fig. 2A is a sectional 
view showing enlarged part of Fig. IB, and Fig. 2B is a sectional view showing 
enlarged part of Fig. 2A. 
[0045] 
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The external electrodes 4 include 80 to 97% by volume of the electrically 
conductive material and 3 to 20% by volume of glass, with a trace of glass 
dispersed in the electrically conductive material. Content of glass is preferably 
in a range from 5 to 15% by volume. The external electrode 4 is joined 
partially with the side face of the stack 10, in such a state as the external 
electrode 4 is joined through diffusion bonding with the end of the internal 
electrode 2 that is exposed on the side face of the stack 10 and is joined 
partially with the side face of the piezoelectric material 1 of the stack 10. That 
is, a part of the mixture of the electrically conductive material and glass is 
bonded with the side face of the piezoelectric material 1 and voids 4a are 
formed between the side face of the piezoelectric material 1 and the external 
electrode 4, A large number of voids 4a are formed also in the external 
electrode 4, thereby forming the external electrode 4 from the porous 
electrically conductive material. The void 4a has such a complex shape as the 
powders of the electrically conductive material and glass retain the original 
shapes of the time before baking that remain substantially unaffected. 
[0046] 

In the first embodiment, since the external electrodes 4 constituted from 
the electrically conductive material and glass and formed from the porous 
electrically conductive material that has a three-dimensional mesh structure 
are joined with the internal electrodes 2 through diffusion bonding and are 
partially joined with the stack 10, such problems can be prevented from 
occurring as spark between the external electrode 4 and the internal electrode 
2, the external electrodes 4 coming off the stack 10 or breakage of the external 
electrode, even when operated continuously over a long period of time under a 
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high electric field and a high pressure. According to the first embodiment, the 
external electrodes 4 can be formed in porous structure as a whole by baking 
the electrically conductive paste constituted from the electrically conductive 
material and glass that forms the external electrode 4 at a relatively low 
temperature, and can be bonded partially onto the side face of the stack 10. 
[0047] 

The electrically conductive material that constitutes the external 
electrode 4 is preferably silver that has low Young's modulus or an alloy that 
includes silver as the main component, in order to fully absorb the stress 
generated by the expansion and contraction of the actuator, 
[0048] 

In the first embodiment, a neck 4b is formed at the end of the internal 
electrode 2 that is connected to the external electrode 4 as shown in Fig. 2B, 
thus providing a firm connection between the internal electrode 2 and the 
external electrodes 4. The neck 4b is formed through diffusion bonding of the 
electrically conductive material included in the external electrode 4 and the 
material in the internal electrode 2. 

By forming the neck at the end of the internal electrode and embedding 
the neck in the external electrode, it is made possible to prevent localized heat 
generation from occurring in the joint between the internal electrode and the 
external electrode even when the device is operated at a high speed with a 
large electric current. 
[0049] 

According to the first embodiment, the external electrode 4 preferably 
includes 30 to 70% by volume of voids 4a, so that the external electrode 4 can 
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accommodate the stress caused by the expansion and contraction of the 
actuator. When the void ratio in the external electrode 4 is less than 30% by 
volume, the external electrode 4 may not be able to endure the stress caused 
by the expansion and contraction of the actuator, and eventually break. When 
the void ratio in the external electrode 4 is higher than 70% by volume, on the 
other hand, resistance of the external electrode 4 becomes higher and the 
external electrode undergoes localized heating that leads to breakage if a large 
current flows. 
[0050] 

In the first embodiment, the softening point of the glass component that 
constitutes the external electrodes 4 is not higher than the melting point of the 
electrically conductive material that constitutes the external electrode 4. This 
is for the purpose of making it possible to set the baking temperature of the 
external electrodes 4 at a temperature not higher than the melting point the 
electrically conductive material and not lower than the softening point of the 
glass. This enables it to form the porous material, prevent coagulation of the 
electrically conductive material from occurring and form the external electrode 
with sufficient bonding strength by baking. 
[0051] 

Also in the first embodiment, the glass that constitutes the external 
electrode 4 is amorphous. This makes the external electrodes 4 capable of 
absorbing the stress caused by the expansion and contraction of the actuator, 
thus preventing cracks or other defects from occurring in the external 
electrode. 
[0052] 
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Also according to the first embodiment, it is preferable that thickness of 
the external electrode 4 is smaller than that of the piezoelectric layer 1 that 
constitutes the stack 10. With this constitution, the external electrode 4 has a 
proper level of strength in the stacking direction of the stack 10, so that the 
load on the joint between the internal electrode 2 and the external electrode 4 
can be decreased when the actuator expands or contracts during operation, 
thus making it possible to suppress contact failure from occurring in the joint. 
[0053] 

The method for manufacturing the multi-layer piezoelectric element 
according to the present invention will be described below. First, a calcined 
powder of a piezoelectric ceramic material such as PZT, a binder made of an 
organic polymer such as acrylic resin or butyral resin and a plasticizer such as 
DOP (dioctyl phthalate) or DBP (dibutyl phthalate) are mixed to form a slurry 
which is formed into a ceramic green sheet that would become the piezoelectric 
material 1 by a known method such as doctor blade process or tape molding 
method such as calender roll process. 
[0054] 

Then silver-palladium powder, a binder and a plasticizer are mixed to 
prepare an electrically conductive paste which is applied onto the top surface 
of the ceramic green sheet, that has been made as described above, by screen 
printing or the like to a thickness of 1 to 40 pm. 
[0055] 

A plurality of the green sheets having the electrically conductive paste 
printed thereon are stacked one on another, with the stack being heated at a 
predetermined temperature to remove the binder and fired at a temperature in 
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a range from 900 to 1200°C thereby to make the stack 10. 
[0056] 

The method of making the stack 10 is not limited to that described 
above, and any manufacturing method may be employed as long as the stack 
10 can be made in such a constitution as a plurality of the piezoelectric layers 
and a plurality of the internal electrodes are stacked alternately one on 
another, 
[0057] 

Then a groove is formed in every other layer on the side face of the stack 
10 by a dicing apparatus or the like, as shown in Fig. 3 A. 
[0058] 

A binder is added to a mixture of 80 to 97% by volume of silver powder 
having particle size of 0.1 to 10 p.m and 3 to 20% by volume of glass powder 
having softening point of 450 to 800°C comprising silicon having particle size 
of 0.1 to 10 pm as the main component, so as to prepare an electrically 
conductive silver-glass paste. The electrically conductive silver-glass paste is 
formed into a sheet and is dried to remove solvent while controlling the density 
of the green sheet 21 in a range from 6 to 9 g/cml The sheet 21 is transferred 
onto the external electrode forming surface of the stack 10 having the grooves 
formed therein as shown in Fig. 3B, and is bonded by baking at a temperature 
that is higher than the softening point of the glass, not higher than the 
melting point (965°C) of silver and is not higher than 4/5 times the firing 
temperature (°C). This causes the binder component in the sheet 21 formed 
from the electrically conductive silver-glass paste to evaporate and forms the 
external electrode 4 from the porous electrically conductive material having 
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three-dimensional mesh structure as shown in Fig. 3C. 

By setting the baking temperature (°C) of the external electrodes at a 
temperature not higher than 4/5 times the firing temperature (°C) of the stack, 
it is made possible to cause a proper amount of the glass component that 
constitutes the external electrodes to diffuse into the stack so as to prevent the 
bonding strength from decreasing between the stack and the external electrode. 
[0059] 

In order to form the external electrode 4 having three-dimensional mesh 
structure, it is important to control the density of the green sheet 21 in a range 
from 6 to 9 g/cm 3 . Density of the green sheet 21 can be measured by 
Archimedes method. In order to achieve void ratio of the external electrode 4 
in a range from 30 to 70%, density of the green sheet 21 is preferably 
controlled in a range from 6.2 to 7.0 g/cm 3 . 
[0060] 

When the electrically conductive silver-glass paste is bonded by baking, 
the voids 4a are formed in the external electrode 4, and the neck 4b is formed 
through diffusion bonding of silver included in the electrically conductive 
silver-glass paste and the silver-palladium alloy included in the internal 
electrode 2, while the external electrodes 4 are partially bonded onto the side 
face of the stack. In the neck 4b, Pd diffuses from the internal electrode 2 and 
forms silver -palladium alloy, 
[0061] 

The temperature at which the electrically conductive silver-glass paste 
is bonded by baking is preferably in a range from 550 to 700°C. This 
temperature range enables it to form the effective neck 4b, make diffusion 
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bonding of silver included in the electrically conductive silver-glass paste and 
the internal electrode 2, cause the voids in the external electrode 4 to 
effectively remain and results in partial bonding of the external electrode 4 
and the side face of the column-like stack 10. Softening point of the glass 
component included in the electrically conductive silver -glass paste is 
preferably in a range from 500 to 700°C 
[0062] 

When the baking temperature is higher than 700°C, sintering of the 
silver powder of the electrically conductive silver-glass paste would proceed 
excessively, such that the porous electrical conductor of three-dimensional 
mesh structure cannot be effectively formed. That is, the external electrode 4 
becomes too dense, resulting in Young's modulus of the external electrode 4 
that is too high to effectively absorb the stress generated during operation, 
eventually leading to breakage of the external electrode 4. Bonding by baking 
is preferably carried out at a temperature that is not higher than 1.2 times the 
softening point of the glass. 
[0063] 

When the baking temperature is lower than 550°C, on the other hand, 
the end of the internal electrode 2 and the external electrode 4 cannot be 
joined sufficiently through diffusion bonding, and therefore the neck 4b cannot 
be formed thus resulting in spark occurring between the internal electrode 2 
and the external electrode 4 during operation. 
[0064] 

Thickness of the sheet 21 formed from the electrically conductive silver- 
glass paste is preferably smaller than the thickness of the piezoelectric layer 1. 
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More preferably, the thickness is 50 jim or less in order to accommodate the 

contraction and expansion of the actuator. 

[0065] 

The reason for setting the composition of the electrically conductive 
silver^glass paste 21 in the range from 80 to 97% by volume of silver powder 
and 3 to 20% by volume of glass powder is as follows. When the content of the 
silver powder is less than 80% by volume, relatively high content of glass 
makes it impossible to effectively form the voids 4a in the external electrode 4 
when it is baked and makes it impossible to partially bond the external 
electrode 4 to the side face of the stack 10. When the content of the silver 
powder is higher than 97% by volume, relatively low content of glass results in 
weaker bonding between the external electrode 4 and the stack 10, thus giving 
rise to the possibility of the external electrode 4 coming off the stack 10 during 
operation of the multi-layer piezoelectric actuator. 
[0066] 

For the glass component that constitutes the external electrode 4, silica 
glass, soda-lime glass, lead alkali silicate glass, aluminoboro silicate glass, 
borosilicate glass, aluminosilicate glass, borate glass, phosphate glass or the 
like may be used. 
[0067] 

The borosilicate glass, for example, may include 40 to 70% by weight of 
Si0 2 , 2 to 30% by weight of B2O3, 0 to 20% by weight of Al 2 0 3j 0 to 10% by 
weight in total of oxides of alkali earth metals such as MgO, CaO, SrO and 
BaO, and 0 to 10% by weight of alkali metal oxide. The borosilicate glass may 
be such that includes 5 to 30% by weight of ZnO. ZnO has an effect of lowering 
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the processing temperature of borosilicate glass, 
[0068] 

Phosphate glass may include 40 to 80% by weight of P 2 0 5j 0 to 30% by 
weight of AI2O3, 0 to 30% by weight of B 2 0 3j 0 to 30% by weight of ZnO, 0 to 
30% by weight of oxides of alkali earth metals and 0 to 10% by weight of oxides 
of alkali metals. 
[0069] 

The lead glass may include 0 to 80% by weight of Pb0 3j 0 to 40% by 
weight of Si0 2 , 0 to 30% by weight of Bi 2 0 3 , 0 to 20% by weight of AI2O3, 0 to 
30% by weight of ZnO, 0 to 30% by weight of oxides of alkali earth metals and 
0 to 10% by weight of oxides of alkali metals, 
[0070] 

The stack 10 having the external electrodes 4 formed thereon is 
immersed in silicone rubber solution, and the silicone rubber solution is 
subjected to vacuum deaeration so as to fill the grooves of the stack 10 with the 
silicone rubber. Then the stack 10 is pulled out of the silicone rubber solution 
and is coated with the silicone rubber on the side faces thereof. Then the 
silicon rubber that fills the groove and covers the side faces of the stack 10 is 
cured. 
[0071] 

Then lead wires 6 are connected to the external electrodes 4 thereby 
completing the multi-layer piezoelectric element of the present invention. 
[0072] 

Through the lead wires 6, DC voltage of 0.1 to 3 kV/mm is applied 
between the pair of external electrodes 4 so as to apply polarization treatment 
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to the stack 10, thereby to complete the multi-layer piezoelectric actuator. 
When the lead wires 6 of the multi-layer piezoelectric actuator are connected 
to an external voltage source and the voltage is supplied via the lead wires 6 
and the external electrodes 4 to the internal electrodes 2, the piezoelectric 
layers 1 undergo a significant amount of displacement by the reverse 
piezoelectric effect, so as to drive, for example, an automobile fuel injection 
valve that supplies fuel to an engine. 
[0073] 

In the multi-layer piezoelectric element having the constitution 
described above, since the external electrodes 4 that include the electrically 
conductive material consisting mainly of silver and glass and is constituted 
from the porous electrical conductor of three-dimensional mesh structure is 
partially bonded to the side face of the stack 10, the external electrodes 4 can 
satisfactorily absorb the stress generated during operation even when the 
actuator is operated continuously over a long period of time under high electric 
field. As a result, an actuator having high reliability can be provided where 
such problems as spark between the external electrode 4 and the internal 
electrode 2 or breakage of the external electrode 4 can be prevented from 
occurring. 
[0074] 

According to the first embodiment, it is preferable that the metal 
component of the internal electrode 2 includes Ag as the main component and 
15% by weight or less of at least one kind of the Pd and Pt group metals. 
When the internal electrode 2 includes 15% by weight or less of at least one 
kind of the Pd and Pt group metals, difference in composition between the 
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internal electrodes 2 and the external electrodes 4 can be made smaller so as 
to achieve better cross diffusion of metals between the internal electrodes 2 
and the external electrodes 4, thus resulting in higher reliability of the joint 
between the internal electrodes 2 and the external electrodes 4 and higher 
durability. Bonding strength of the internal electrodes 2 in the stack 10 can be 
improved by including the powder of substantially the same composition as 
that of the stack 10 in the internal electrodes 2. 
[0075] 

The multi-layer piezoelectric element of the present invention is not 
limited to the constitutions described above, and various modifications may be 
made without deviating from the spirit of the present invention. 
[0076] 

While an example where the external electrodes 4 are formed on the 
opposing side faces of the stack 10 has been described above, a pair of external 
electrodes may be formed, for example, on adjacent side faces according to the 
present invention. 
[0077] 

Second Embodiment 

The multilayer piezoelectric element (multi-layer piezoelectric actuator) 
according to the second embodiment of the present invention is the multi-layer 
piezoelectric element of the first embodiment modified to constitute the 
internal electrode 2 and the external electrode 4 as described below. 
[0078] 

In the multi-layer piezoelectric actuator of the second embodiment, the 
external electrode 4 is formed from an electrically conductive material 
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containing silver as the main component and glass, and the internal electrode 
2 contains an electrically conductive material and a piezoelectric material. 

The proportion X (% by weight) of silver in the electrically conductive 
material of the internal electrode 2, the proportion Z (% by weight) of silver in 
the internal electrode 2 containing the electrically conductive material and the 
piezoelectric material and the proportion Y (% by weight) of silver in the 
external electrode 4 satisfy conditions of X > 85 and 0.9 < X/Y < 1.1. This is 
because value of X less than 85% means higher weight proportion of palladium 
in the internal electrode 2 that makes it impossible to manufacture the multi- 
layer piezoelectric actuator at a low cost. When the ratio X/Y is less than G.9 ? 
the content of silver contained in the internal electrode 2 is less than the 
content of silver contained in the external electrode 4, resulting in less cross 
diffusion of silver contained in the internal electrode 2 and in the external 
electrode 4 when the external electrode 4 is bonded by baking. This weakens 
the bonding strength between the internal electrode 2 and the external 
electrode 4 leading to lower durability of the multi-layer piezoelectric actuator. 
When the ratio X/Y is higher than 1.1, the content of silver contained in the 
external electrode 4 is less than the content of silver contained in the internal 
electrode 2, resulting in less cross diffusion of silver contained in the internal 
electrode 2 and in the external electrode 4 when the external electrode 4 is 
bonded by baking. This weakens the bonding strength between the internal 
electrode 2 and the external electrode 4 leading to lower durability of the 
multi-layer piezoelectric actuator. 
[0079] 

When the proportion X (% by weight) of silver in the electrically 
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conductive material of the internal electrode 2 and the proportion Y (% by 
weight) of silver in the external electrode 4 formed from an electrically 
conductive material containing silver as the main component and glass satisfy 
conditions of X > 85 and 0.9 < X/Y < 1.1, in contrast, the use of expensive 
palladium in the internal electrode 2 can be reduced, and therefore the multi- 
layer piezoelectric actuator can be manufactured at a low cost. Also because 
the proportion X (% by weight) of silver in the internal electrode 2 is 
substantially equal to the proportion Y (% by weight) of silver in the external 
electrode 4, cross diffusion of silver contained in the internal electrode and in 
the external electrode is accelerated when the external electrode 4 is bonded by 
baking. This results in strong bonding between the internal electrode 2 and 
the external electrode 4. As a result, excellent durability is achieved such that 
the internal electrode 2 and the external electrode 4 do not break even when 
operated continuously over a long period of time under high electric field and 
high pressure. 
[0080] 

It is more preferable that the internal electrode 2 consists of an 
electrically conductive material and a piezoelectric material and the proportion 
Z (% by weight) of silver in the internal electrode 2 satisfies condition of 0.7 < 
Z/Y < 1.0, for the reason described below. When the ratio Z/Y is less than 0.7, 
the content of silver contained in the internal electrode 2 is less than the 
content of silver contained in the external electrode 4, resulting in higher 
resistance of the internal electrode 2 than that of the external electrode 4 and 
causing localized heat generation in the internal electrode 2. When the ratio 
Z/Y is higher than 1.0, the content of the piezoelectric material in the internal 
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electrode 2 becomes smaller, resulting in weaker bonding between the internal 
electrode 2 and the piezoelectric material 1, eventually leading to peel-off 
between the internal electrode 2 and the piezoelectric material 1 in the 
interface thereof. Also because the content of silver contained in the external 
electrode 4 is less than the content of silver contained in the internal electrode 
2, less cross diffusion of silver contained in the internal electrode and in the 
external electrode occurs thus resulting in weaker bonding strength between 
the internal electrode 2 and the external electrode 4. 
[0081] 

In the second embodiment, as described in the first embodiment by- 
making reference to Figs. 2B and 2C, it is preferable that the external 
electrode 4 is joined through diffusion bonding with the end of the internal 
electrode 2 that is exposed on the side face of the stack 10, and the neck 4b is 
formed through diffusion of the electrically conductive material included in the 
internal electrode 2 into the external electrode 4. When the neck 4b is not 
formed, localized heat generation, spark or other defects may occur in the joint 
between the internal electrode 2 and the external electrode 4 when the multi- 
layer piezoelectric element is operated at a high speed with a large electric 
current. 

It is also preferable that the external electrodes 4 are constituted from 
the porous electrical conductor of three-dimensional mesh structure. Unless 
the external electrodes 4 are constituted from the porous electrical conductor of 
three-dimensional mesh structure, the external electrode 4 cannot be flexible 
enough to follow the expansion and contraction of the multi-layer piezoelectric 
element, thus resulting in breakage of the external electrodes 4 and/or contact 
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failure between the external electrodes 4 and the internal electrodes 2. 
[0082] 

Further as described in the first embodiment, it is preferable that the 
external electrodes 4 include 30 to 70% by volume of voids also in the second 
embodiment. 
[0083] 

It is also preferable that a glass-rich layer is formed on the surface of 
the external electrode 4 on the side facing the piezoelectric material 1. 
Without the glass-rich layer, it becomes difficult to bond with the glass 
component of the external electrode 4, thus making it difficult to form a strong 
bonding between the external electrode 4 and the piezoelectric material 1. 
[0084] 

It is also preferable that the softening point (°C) of the glass contained 
in the external electrode 4 is not higher than 4/5 of the melting point (°C) of 
the electrically conductive material that constitutes the internal electrode 2 or 
lower. When the softening point of the glass is higher than 4/5 of the melting 
point of the electrically conductive material that constitutes the internal 
electrode 2, since softening point of the glass that constitutes the external 
electrode 4 becomes approximate to the melting point of the electrically 
conductive material that constitutes the internal electrode 2, baking 
temperature of the external electrode 4 becomes nearer to the melting point of 
the electrically conductive material that constitutes the internal electrode 2. 
This leads to coagulation of the electrically conductive materials of the internal 
electrode and the external electrode, thus making an obstacle to the diffusion 
bonding, and makes it difficult to set the baking temperature to a proper level 
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for the glass component of the external electrode 4 to soften, thus making it 

unable to achieve sufficient strength of bonding with the glass. 

[0085] 

It is also preferable that the glass that constitutes the external electrode 
4 is amorphous. When the glass is crystalline, the external electrode 4 cannot 
accommodate the stress caused by the expansion and contraction of the multi- 
layer piezoelectric actuator, thus resulting in cracks or other defects. 

It is also preferable that thickness of the external electrode 4 is smaller 
than that of the piezoelectric layer 1. When the external electrode 4 is formed 
to be thicker than the piezoelectric layer 1 ? the external electrode 4 becomes 
stronger and gives rise to a possibility that load on the joint between the 
internal electrode and the external electrode 4 increases when the stack 10 
expands or contracts during operation, eventually resulting in contact failure 
in the joint. 
[0086] 

It is also preferable that the groove formed in the side face of the stack 
10 is filled with an insulating material 3 that has Young's modulus lower than 
that of the piezoelectric material 1, while the internal electrode and the 
external electrode are insulated in every other layer as shown in Fig. 2 and Fig. 
3. While the piezoelectric material 1 interposed between the internal 
electrodes 2 expands and contracts according to a voltage applied between the 
adjacent internal electrodes 2, the piezoelectric material 1 located near the 
side face of the stack 10 that is not interposed between the internal electrodes 
2 does not expand nor contract even when a voltage is applied across the 
internal electrodes 2. As a result, compressive stress or tensile stress is 
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generated every time a voltage is applied across the internal electrodes 2. 
When the groove is formed in the side face of the stack 10 and is filled with the 
insulating material 3 that has Young's modulus lower than that of the 
piezoelectric material 1, on the other hand, stress generated in the side face of 
the stack 10 when the stack 10 expands or contracts can be mitigated by the 
expansion or contraction of the insulating material 3, thereby improving the 
durability. 

When the insulating material 3 that fills the groove has Young's 
modulus higher than that of the piezoelectric material 1, stress generated near 
the side face of the stack 10 cannot be mitigated by the expansion or 
contraction of the insulating material 3, and therefore durability of the multr 
layer piezoelectric element may become lower. 
[0087] 

While the internal electrode 2 is preferably formed from a silver- 
palladium alloy having low palladium content for the reason of cost, for that 
purpose it is preferable to use the piezoelectric material 1 that can be fired at a 
temperature of about 980°C or lower. The material that constitutes the 
piezoelectric layer 1 preferably contains PbZr03"PbTi03 as the main 
component and 10 to 20 mol% of Pb(Ybi/2Nbi/ 2 )0 3? Pb(Coi/ 3 Nb2/3)03 and 
Pb(Zni/3Nb2/3)03 as an auxiliary component. In case a silver-palladium alloy 
having palladium content of 5% by weight in the phase diagram of the silver- 
palladium alloy is used, a piezoelectric material that contains PbZr03"PbTi03 
as the main component and 10 to 20 mol% of Pb(Ybi/2Nb 1/2)03, Pb(Coi/3Nb2/3)Oa 
and Pb(Zni/ 3 Nb2/3)03 added thereto as an auxiliary component may be used as 
the piezoelectric layer 1 that can be fired at a temperature of about 980°C or 
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lower. 
[0088] 

In case a silver -palladium alloy having palladium content of 5% by- 
weight is used to form the internal electrode 2, melting point of the electrically 
conductive material (silver-palladium alloy) that constitutes the internal 
electrode 2 is exceeded when the internal electrode 2 is fired at 1100°C. This 
leads to coagulation of the electrically conductive material of the internal 
electrode 2, and may eventually results in delamination. In order to use a 
silver- palladium alloy having low palladium content as the electrically 
conductive material of the internal electrode 2, it is necessary to keep the 
firing temperature of the piezoelectric layer 1 to about 980°C or lower. 
[0089] 

The external electrode 4 is constituted from 87 to 99.5% by weight of 
electrically conductive material and 0.5 to 13% by weight of glass powder, with 
the small amount of glass dispersed in the electrically conductive material. 
The external electrode 4 is partially bonded with the side face of the stack 10. 
That is, the external electrode 4 is bonded to the end of the internal electrode 2 
that is exposed on the side face of the stack 10 through diffusion of the 
electrically conductive material in the external electrode 4, and is bonded to 
the side face of the stack 10 mainly via the glass component contained in the 
external electrode 4. That is, a part of the mixture of the electrically 
conductive material and glass is bonded with the side face of the piezoelectric 
material 1 and voids 4a are formed between the side face of the piezoelectric 
material 1 and the external electrode 4. A large number of voids 4a are formed 
also in the external electrode 4, thereby forming the external electrode 4 from 
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the porous electrically conductive material. The void 4a has such a complex 
shape as the powders of the electrically conductive material and glass retain 
the original shapes at a time before baking, that remain substantially 
unaffected. 
[0090] 

The electrically conductive material of the external electrode 4 is 
preferably formed from silver that has low Young's modulus or an alloy 
containing silver as the main component in order to effectively absorb the 
stress generated by the expansion and contraction of the multi-layer 
piezoelectric actuator, and the external electrode 4 as a whole is preferably 
formed from a porous electrically conductive material having flexible three- 
dimensional mesh structure. 
[0091] 

The multi-layer piezoelectric actuator of the second embodiment can be 
manufactured similarly to the multi-layer piezoelectric actuator of the first 
embodiment. 
[0092] 

First, the stack 10 is made similarly to the first embodiment. 
The silver -palladium alloy used to form the internal electrode 2 is 
preferably one that contains low palladium content, particularly one that 
contains 10% by weight or less palladium for the reason of cost. For that 
purpose it is preferable to use the piezoelectric material 1 that can be fired at a 
temperature of about 980°C or lower, and piezoelectric layer 1 that contains 
PbZrCVPbTiOa as the main component and 10 to 20 mol% of Pb(Ybi/2Nbi/2)0 3 , 
Pb(Coi/3Nb2/3)03 and Pb(Zm/3Nb2/3)03 added as an auxiliary component may be 
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used. Silver-palladium composition that constitutes the internal electrode may 
be either a powder of silver-palladium alloy or a mixture of silver powder and 
palladium powder. When a mixture of silver powder and palladium powder is 
used, too, silver-palladium alloy can be formed as well by firing. 
[0093] 

Proportion of the piezoelectric material (calcined powder of piezoelectric 
ceramics) to be added to the electrically conductive paste when forming the 
internal electrode 2 is preferably such that the internal electrode 2 after firing 
contains 75 to 93% by weight of the electrically conductive material and 7 to 
25% by weight of the piezoelectric material, in order to increase the bonding 
strength of the internal electrode and the piezoelectric layer 1 and keep the 
resistance of the internal electrode 2 sufficiently low* 
[0094] 

Method for manufacturing the stack 10 is not limited to that described 
above, and any method may be employed as long as the stack 10 can be formed 
in such a constitution as a plurality of piezoelectric layers 1 and a plurality of 
internal electrodes 2 are stacked alternately one on another. 

After forming the stack 10, grooves are formed on the side face of the 
stack 10 in every other layer by a dicing apparatus or the like, as shown in Fig. 
3A. 
[0095] 

A binder is added to a mixture of 87 to 99.5% by weight of silver powder 
having particle size of 0.1 to 10 pm and 0.5 to 13% by weight of glass powder 
having softening point of 450 to 800°C comprising silicon having particle size 
of 0.1 to 10 pm as the main component, so as to prepare electrically conductive 
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silver-glass paste that is formed into a sheet and is dried to remove solvent 
while controlling the density of the green sheet 21 in a range from 6 to 9 g/cm 3 . 
The sheet 21 is transferred onto the external electrode forming surface of the 
stack 10 having the grooves formed therein as shown in Fig, 3B, and is bonded 
by baking at a temperature that is higher than the softening point of the glass 
and is not higher than the melting point of silver, thereby to form the external 
electrode 4. 
[0096] 

The external electrode 4 formed from the porous electrically conductive 
material having three-dimensional mesh structure may also be made as the 
binder component is removed from the sheet 21 that is formed from the 
electrically conductive silver-glass paste as shown in Fig- 3C. In order to form 
the external electrode 4 having three-dimensional mesh structure, in 
particular, density of the green sheet 21 is preferably controlled in a range 
from 6 to 9 g/cm 3 . In order to achieve void ratio in the external electrode 4 in a 
range from 30 to 70%, density of the green sheet 21 is preferably controlled in 
a range from 6.2 to 7.0 g/cm 3 . Density of the green sheet 21 can be measured 
by Archimedes method. 
[0097] 

As the silver-glass paste is baked, the voids 4a are formed in the 
external electrode 4 while silver contained in the silver-glass paste may be 
combined through diffusion with the silver -palladium alloy contained in the 
internal electrode 2 so as to form the neck 4b, with the external electrode 4 
being partially bonded onto the side face of the stack 10. In the neck 4b, 
because of cross diffusion of the silver-palladium alloy contained in the 
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internal electrode 2 and silver contained in the external electrode 4, palladium 
that has diffused from the internal electrode 2 can be detected by a common 
analytical method (for example, EPMA, EDS, etc.). 

Baking temperature of the electrically conductive silver-glass paste is 
preferably set in the range described in the first embodiment, in order to 
effectively form the neck 4b. 
[0098] 

Thickness of the sheet 21 of the silver-glass paste is preferably smaller 
than that of the piezoelectric layer 1, and is more preferably 50 jim or less so 
as to deform in conformity with the expansion and contraction of the multi- 
layer piezoelectric actuator. 
[0099] 

The reason for setting the composition of the electrically conductive 
silver-glass paste 21 in the range from 87 to 99.5% by weight of silver powder 
and 0.5 to 13% by weight of glass powder is as follows. When the content of 
the silver powder is less than 87% by weight, relatively high content of glass 
makes it impossible to effectively form the voids 4a in the external electrode 4 
when it is baked and partially bond the external electrode 4 to the side face of 
the stack 10. When the content of the silver powder is higher than 97% by 
volume and 99.5% by weight, relatively low content of glass results in weaker 
bonding between the external electrode 4 and the stack 10, thus giving rise to 
the possibility of the external electrode 4 coming off the stack 10 during 
operation of the multi-layer piezoelectric actuator. 
[0100] 

For the glass component contained in the external electrode 4, silica 
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glass, soda^lime glass, lead alkali silicate glass, aluminoborosilicate glass, 
borosilicate glass, aluminosilicate glass, borate glass, phosphate glass, lead 
glass or the like may be used. 

The borosilicate glass, for example, may contain 40 to 70% by weight of 
Si0 2 , 2 to 30% by weight of B 2 0 3? 0 to 20% by weight of AI2O3, 0 to 10% by 
weight in total of oxides of alkali earth metals such as MgO, CaO, SrO and 
BaO, and 0 to 10% by weight of alkali metal oxide. The borosilicate glass may 
contain 5 to 30% by weight of ZnO. ZnO has an effect of lowering the 
processing temperature of borosilicate glass. 
[0101] 

Phosphate glass may contain 40 to 80% by weight of P2O5, 0 to 30% by 
weight of AI2O3, 0 to 30% by weight of B2O3, 0 to 30% by weight of ZnO, 0 to 
30% by weight of oxides of alkali earth metals and 0 to 10% by weight of oxides 
of alkali metals. 

The lead glass may contain 0 to 80% by weight of Pb0 3 , 0 to 40% by 
weight of Si0 2j 0 to 30% by weight of Bi 2 0 3 , 0 to 20% by weight of AI2O3, 0 to 
30% by weight of ZnO, 0 to 30% by weight of oxides of alkali earth metals and 
0 to 10% by weight of oxides of alkali metals. 
[0102] 

The multi-layer piezoelectric actuator of the second embodiment can be 
manufactured similarly to the first embodiment. 

The stack 10 having the external electrodes 4 formed thereon is 
immersed in silicone rubber solution and is subjected to vacuum deaeration so 
as to fill the grooves of the stack 10 with the silicone rubber, and then the 
silicone rubber is cured. 
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Lead wires 6 are connected to the external electrodes 4, and DC voltage 
of 0.1 to 3 kV/mm is applied between the pair of external electrodes 4 via the 
lead wires 6 so as to apply polarization treatment to the stack 10, thereby to 
complete the multilayer piezoelectric actuator that functions as a fuel 
injection valve for supplying fuel to an automobile engine. 

Third Embodiment 

[0103] 

The multi-layer piezoelectric element (multi-layer piezoelectric actuator) 
according to the third embodiment of the present invention is the device shown 
in Figs. 1A and IB where the internal electrode 2 is made of an electrically 
conductive material containing silver as the main component and at least one 
of palladium and platinum, the external electrode 4 is made of an electrically 
conductive material containing silver as the main component and glass, and 
proportion of silver in the electrically conductive material that constitutes the 
internal electrode 2 located near the joint with the external electrode 4 is set 
higher than the proportion of silver in the electrically conductive material that 
constitutes the internal electrode 2 located inside of the stack 10. 
[0104] 

By setting the proportion of silver in the electrically conductive material 
that constitutes the internal electrode 2 located near the joint with the 
external electrode 4 higher than the proportion of silver in the electrically 
conductive material that constitutes the internal electrode 2 located inside of 
the stack 10, it becomes possible to make the concentration of silver contained 
as the main component of the electrically conductive material of the external 
electrode 4 and concentration of silver in electrically conductive material of the 
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internal electrode approximate to each other, thus making the bonding 
between the internal electrode 2 and the external electrode 4 more secure 
through cross diffusion of silver. 
[0105] 

That is, since the concentration of silver contained as the main 
component in the electrically conductive material of the external electrode 4 
and the concentration of silver in electrically conductive material of the 
internal electrode 5 become substantially equal to each other, cross diffusion of 
silver in the external electrode 4 and silver in the internal electrode is 
accelerated when the external electrode 4 is bonded by baking onto the stack 
10. This enables it to firmly join the internal electrode 2 and the external 
electrode 4, so that excellent durability is achieved such that internal electrode 
2 and the external electrode 4 do not break even when operated continuously 
over a long period of time under high electric field and high pressure. 
[0106] 

It is also preferable that the proportion of silver contained in the 
electrically conductive material of the internal electrode 2 becomes higher 
toward the external electrode 4. Since this arrangement results in a gradient 
of silver concentration that varies continuously toward the external electrode, 
stable internal electrode 2 and junction of internal electrode 2 and the external 
electrode 4 can be achieved. 
[0107] 

It is also preferable that the internal electrode 2 and the external 
electrode 4 are bonded together by diffusion through the neck 4b, This enables 
it to prevent spark or breakage from occurring in the joint between the 
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internal electrode 2 and the external electrode 4 even when the actuator is 
operated at a high speed with a large current, since the neck 4b that endures 
large current is formed in the junction between the internal electrode 2 and 
the external electrode 4. Also because the internal electrode 2 and the 
external electrode 4 are bonded together by diffusion through the neck 4b, 
there is no distinct border in the composition in the junction between the 
internal electrode 2 and the external electrode 4, so that the junction having 
high reliability can be formed. The neck 4b refers to the portion formed 
through cross diffusion of the electrically conductive material of the internal 
electrode 2 and the electrically conductive material of the external electrode 4. 
[0108] 

By setting the silver content contained in the electrically conductive 
material of the internal electrode 2 to 85% or higher, it is made possible to 
form a reliable junction with the external electrode 4 through diffusion of 
silver by making use of high concentration of silver in the internal electrode 2. 
Also because the use of expensive materials such as palladium and platinum 
can be reduced by setting the silver content contained in the electrically 
conductive material of the internal electrode to 85% or higher, the multi-layer 
piezoelectric element can be manufactured at a lower cost. When the silver 
content in the electrically conductive material of the internal electrode 2 is 
lower than 85%, the use of expensive materials such as palladium and 
platinum inevitably increases and it becomes impossible to manufacture the 
multi-layer piezoelectric element at a lower cost. Also the low silver content in 
the electrically conductive material of the internal electrode 2 makes the 
junction with the external electrode 4 insecure. The proportion of silver 
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contained in the electrically conductive material of the internal electrode 2 
refers to the proportion of silver within the stack 10 at a position located 1 mm 
or more away from the junction with the external electrode 4 where the 
proportion of silver contained in the electrically conductive material of the 
internal electrode 2 does not vary. 
[0109] 

It is also preferable that a glass-rich layer is formed on the surface of 
the external electrode 4 on the side thereof facing the piezoelectric layer 1. 
Having much glass component of the external electrode 4 located in the 
interface of bonding with the piezoelectric layer 1 improves the strength of 
joining the external electrode 4 and the side face of the stack 10. 
[0110] 

Moreover, it is preferable that the glass component of the external 
electrode 4 exists in a region substantially not more than 80% in thickness of 
the external electrode 4 on the side of the surface of the stack 10. This results 
in such a constitution of the external electrode 4 that the glass component that 
supports the junction with the stack 10 exists near the surface on the side of 
the piezoelectric layer 1 and therefore achieves strong bonding between the 
external electrode 4 and the stack 10, while only the electrically conductive 
material that contains silver as the main component exists on the surface of 
the external electrode 4 exposed to the atmosphere, so that the external 
electrode 4 having a surface that is satisfactorily wetted by solder is provided 
when a lead wire is soldered onto the external electrode 4. 
[0111] 

It is also preferable that the glass component of the external electrode 4 
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contains lead oxide or bismuth oxide. The external electrode 4 can be joined 
more firmly with the piezoelectric material when the glass component of the 
external electrode 4 contains lead oxide or bismuth oxide that can form strong 
junction with the piezoelectric layer 1. When the glass component of the 
external electrode 4 does not contain lead oxide or bismuth oxide, such a 
problem may occur as the external electrode 4 comes off the side face of the 
stack 10 during operation. 
[0112] 

While the internal electrode 2 is preferably formed from a silver- 
palladium alloy having low palladium content for the reason of cost, for that 
purpose it is preferable to use the piezoelectric material 1 that can be fired at a 
temperature of about 980°C or lower. The material that constitutes the 
piezoelectric layer 1 preferably contains PbZrCVPbTiOs as the main 
component and 10 to 20 mol% of Pb(Ybi/ 2 Nb 1/2)03, Pb(Coi/ 3 Nb2/3)0 3 and 
Pb(Zm/3Nb2/3)03 as an auxiliary component. In case a silver-palladium alloy 
having palladium content of 5% by weight in the phase diagram of the silver- 
palladium alloy is used, a piezoelectric material that contains PbZrCVPbTiOs 
as the main component with 10 to 20 mol% of Pb(Ybi/2Nbi/2)03, 
Pb(Coi/3Nba/3)03 and Pb(Zni/3Nb2/3)C>3 added thereto as an auxiliary component 
may be used as the piezoelectric layer 1 that can be fired at a temperature of 
about 980°C or lower. 
[0113] 

In case a silver -palladium alloy having palladium content of 5% by 
weight is used to form the internal electrode 2, melting point of the electrically 
conductive material (silver-palladium alloy) that constitutes the internal 
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electrode 2 is exceeded when the internal electrode 2 is fired at 1100°C. This 
leads to coagulation of the electrically conductive material of the internal 
electrode 2 eventually resulting in delamination. In order to use a silver- 
palladium alloy having low palladium content as the electrically conductive 
material of the internal electrode 2, it is necessary to keep the firing 
temperature of the piezoelectric layer 1 to about 980°C or lower. 
[0114] 

The external electrode 4 consists of 80 to 99.5% by weight of the 
electrically conductive material that contains silver as the main component 
and 0.5 to 13% by weight of the glass component that contains lead oxide or 
bismuth oxide, while the glass component exists only in a region substantially 
not more than 80% in thickness of the external electrode 4 on the side of the 
surface of the stack 10. The external electrode 4 is bonded to the end of the 
internal electrode 2 that is exposed on the side face of the stack 10 through 
diffusion of the electrically conductive material in the external electrode 4 ? and 
is bonded to the side face of the stack 10 mainly via the glass component 
contained in the external electrode 4. 
[0115] 

A method for manufacturing the multi-layer piezoelectric actuator 
comprising the multi-layer piezoelectric element of the present invention will 
now be described below. 

According to this manufacturing method, the stack 10 is made similarly 
to the second embodiment, and grooves are formed one the side face of the 
stack 10 in every other layer by dicing apparatus or the like, as shown in Fig. 
3A. 
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[0116] 

Then the external electrodes 4 are formed as follows. 

87 to 99.5% by volume of silver powder having particle size in a range 
from 0.1 to 10 pm, 0.5 to 13% by volume of glass powder containing lead oxide 
or bismuth oxide having mean particle size in a range from 0.1 to 10 ]im and a 
binder are mixed, so as to prepare a silver-glass paste for lower layer. A silver- 
glass paste for upper layer is prepared by adding a binder to silver powder 
having particle size in a range from 0.1 to 10 pm. 
[0117] 

The silver- glass paste for lower layer 21a is applied to a release film by 
screen printing to a thickness of 5 to 40 pm. After drying, the silver-glass 
paste for lower layer 21b is applied thereto by screen printing to a thickness of 
5 to 40 pm. After drying, the paste sheet 21 is peeled off the release film and 
is transferred onto the surface where the external electrode 4 is to be formed 
on the stack 10 that has the grooves formed thereon, so that the silver-glass 
paste for lower layer faces the stack 10. The external electrode 4 having the 
neck 4b formed thereon as shown in Fig. 3C is formed by baking at a 
temperature that is higher than the softening point of the glass contained in 
the silver-glass paste for lower layer and is not higher than the melting point 
of silver. 
[0118] 

In order to effectively increase the silver content in the electrically 
conductive material of the internal electrode 2 toward the external electrode 4, 
integration with time (minute) of exponential function Y of temperature shown 
in equation 1 that represents the baking pattern of the external electrode 4 
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preferably gives a value of 1000 or more, preferably in a range from 1800 to 
4000. 

(Equation 1) Y = exp ((T + 273)/273) (T is in °C) 
[0119] 

When integration of Y with time (minute) is in a range from 1800 to 
4000, it is made possible to effectively increase the silver content in the 
electrically conductive material of the internal electrode toward the external 
electrode 4, form the neck 4b in the joint between the internal electrode 2 and 
the external electrode 4 and form the glass -rich layer is formed on the surface 
of the external electrode 4 on the side thereof facing the stack 10. 
[0120] 

The glass-rich layer can be formed on the surface of the external 
electrode 4 on the side thereof facing the stack 10 by baking the paste sheet 21 
comprising the silver-glass paste for lower layer that contains the glass 
component and the silver- glass paste for upper layer that does not contain the 
glass component so that the silver- glass paste for lower layer is located on the 
stack 10 side. By controlling the thickness of the silver-glass paste for lower 
layer and the silver-glass paste for upper layer that form the paste sheet 21, 
the glass component can be caused to exist only in a region substantially not 
more than 80% in thickness of the external electrode 4 on the side of the 
surface of the stack 10. Moreover, the neck 4b can be formed by the baking 
operation, and cross diffusion of silver-palladium alloy in the internal electrode 
2 and silver in the external electrode 4 occurs in the neck 4b. Thus palladium 
that has diffused from the internal electrode 2 can be detected by a common 
analytical method (for example, EPMA, EDS, etc.). 
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[0121] 

Method for forming the external electrode 4 is not limited to that 
described above, and the paste may also be printed directly on the external 
electrode 4 forming surface of the side face of the stack 10. While the external 
electrode 4 is formed in a single baking operation, the external electrode 4 may 
also be formed in two baking operations, by transferring or printing and then 
baking the silver- glass paste for lower layer and transferring or printing and 
then baking the silver-glass paste for upper layer. 

Thickness of the external electrode 4 is preferably smaller than that of 
the piezoelectric layer 1, and more preferably 50 or less so as to be capable 
of deforming in conformity with the expansion and contraction of the stack 
that constitutes the actuator. 
[0122] 

The reason for setting the composition of the silver-glass paste for lower 
layer in a range from 80 to 99.5% by weight of silver powder and 0.5 to 13% by 
weight of glass powder is as follows. When the content of the silver powder is 
less than 80% by weight, the external electrode 4 has high specific resistance 
that causes the external electrode 4 to undergo localized heating that leads to 
breakage if a large current flows. When the content of the silver powder is 
higher than 99.5% by weight, relatively low content of glass results in weaker 
bonding between the external electrode 4 and the stack 10, thus giving rise to 
the possibility of the external electrode 4 to come off the stack 10 during 
operation. 
[0123] 

The silver-glass paste for upper layer does not contain glass component. 



53 



This is because, when the lead wire 6 is connected to the external electrode 4 
by soldering, existence of glass component in the surface of the external 
electrode 4 exposed to the atmosphere leads to lower wettability to solder and 
lower strength of bonding between the lead wire 6 and the external electrode 4, 
thus eventually causing the lead wire 6 to come off during operation. 

Strength of bonding with the stack 10 can be increased by containing at 
least one of lead oxide and bismuth oxide in the glass component of the silver- 
glass paste for lower layer, 
[0124] 

The multi-layer piezoelectric actuator of the second embodiment can be 
manufactured similarly to the first embodiment. 

The stack 10 having the external electrodes 4 formed thereon is 
immersed in silicone rubber solution and is subjected to vacuum de aeration so 
as to fill the grooves of the stack 10 with the silicone rubber, and then the 
silicone rubber is cured. 

Lead wires 6 are connected to the external electrodes 4, and DC voltage 
of 0.1 to 3 kV/mm is applied between the pair of external electrodes 4 via the 
lead wires 6 so as to apply polarization treatment to the stack 10, thereby to 
complete the multi-layer piezoelectric actuator that functions as a fuel 
injection valve for supplying fuel to an automobile engine. 
[0125] 

In the first through third embodiments described above, the 
piezoelectric layer 1 is formed from a piezoelectric ceramic material constituted 
from perovskite type oxide such as lead titanate zirconate Pb(Zr, Ti)C>3 
(hereinafter abbreviated as PZT) or barium titanate BaTiOs as the main 
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component. The piezoelectric ceramic material preferably has high value of 
piezoelectric strain constant d33 which represents the piezoelectric 
characteristics . 
[0126] 

In the first through third embodiments, thickness of the piezoelectric 
layer 1, namely the distance between the internal electrodes 2, is preferably in 
a range from 50 to 250 pirn. This makes it possible to make the actuator 
smaller with low profile and prevent insulation breakdown of the piezoelectric 
layer 1 from occurring, even when a larger number of layers are stacked so as 
to achieve a greater amount of displacement of the multi-layer piezoelectric 
actuator by applying a voltage. 
[0127] 

In the first through third embodiments, an electrical conductivity 
assisting member 7 made of an electrically conductive adhesive 7a with a 
metal mesh or a mesh-like metal sheet 7b embedded therein may be formed on 
the external surface of the external electrode 4 as shown in Fig. 4. In this case, 
the electrical conductivity assisting member provided on the external surface 
of the external electrode 4 allows it to supply a large electric current to the 
actuator, thereby enabling it to draw a large current through the electrical 
conductivity assisting member 7 even when operated at a high speed, thus 
reducing the current flowing in the external electrode 4. This makes it 
possible to prevent the external electrodes 4 from breaking due to localized 
heat generation, thus resulting in greatly improved reliability. Moreover, 
because the metal mesh or the mesh-like metal sheet 7b is embedded in the 
electrically conductive adhesive 7a, cracks can be prevented from occurring in 
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the electrically conductive adhesive 7a. 

In case a metal mesh or a mesh-like metal sheet is not used on the 
surface of the external electrode 4, the stress generated by the expansion and 
contraction of the stack 10 acts directly onto the external electrode 4, thus 
giving rise to the possibility of the external electrode 4 coming off the side face 
of the stack 10 due to fatigue during operation. 
[0128] 

The metal mesh refers to a structure of entwined metal wires, and the 
mesh-like metal sheet refers to a metal sheet with a number of holes punched 
therethrough. 
[0129] 

It is preferable that the electrically conductive adhesive is formed from 
polyimide resin that contains electrically conductive particles dispersed 
therein. Use of the polyimide resin that has high heat resistance makes it 
easier to maintain high bonding strength even when the stack 10 is used at 
high temperatures. 

It is further preferable that the electrically conductive adhesive 7a that 
constitutes the electrically conductive assisting member 7 is formed from 
polyimide resin that contains silver powder which has low specific resistance 
dispersed therein. This is because the use of silver powder which has low 
specific resistance as the electrically conductive particles makes it easier to 
suppress the localized heat generation in the electrically conductive adhesive. 

Furthermore, it is preferable that the electrically conductive particles 
are non-spherical particles such as flakes or acicular particles. When the 
electrically conductive particles are non-spherical particles such as flakes or 
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acicular particles, the electrically conductive particles can be firmly entwined 
with each other, thereby increasing the shear strength of the electrically 
conductive adhesive 7a. 

Fourth Embodiment 

[0130] 

Fig. 5 is a sectional view showing the constitution of an injection 
apparatus according to fourth embodiment of the present invention, 
constituted from the piezoelectric actuator of the present invention. In Fig. 5, 
reference numeral 31 denotes a container. The container 31 has an injection 
hole 33 formed at one end thereof, and a needle valve 35 housed therein to 
open and close the injection hole 33. 
[0131] 

The injection hole 33 is provided with a fuel passage 37 in 
communication therewith. The fuel passage 37 is connected to a fuel source 
that is provided outside of the apparatus, so as to receive supply of fuel at a 
constant pressure. When the needle valve 35 opens the injection hole 33, the 
fuel that fills the fuel passage 37 is injected at a predetermined level of high 
pressure into a fuel chamber of an internal combustion engine that is not 
shown in the drawings. 
[0132] 

The needle valve 35 has an enlarged top portion of large diameter so as 
to serve as a piston 41 that makes sliding motion in a cylinder 39 formed in the 
container 31. The piezoelectric actuator 43 is housed in the container 31. 

The piezoelectric actuator 43 is the piezoelectric actuator of the present 
invention. 
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[0133] 

With the injection apparatus as described above, when the piezoelectric 
actuator 43 is caused to expand by a voltage applied thereto, the piston 41 is 
pressed so that the needle valve 35 plugs the injection hole 33 and shuts off the 
fuel supply. When the voltage is removed, the piezoelectric actuator 43 
contracts and a Belleville spring 45 presses back the piston 41 so that the 
injection hole 33 communicates with the fuel passage 37 thereby allowing the 
fuel to be injected. 

With this injection apparatus, since the internal electrode and the 
external electrode of the multi-layer piezoelectric element can be prevented 
from breaking and durability can be greatly improved as described in the first 
through third embodiments, durability of the injection apparatus can also be 
improved. 

Example 1 

[0134] 

In Example 1, the stack was made, with the piezoelectric layers formed 
from PZT having thickness of 150 jam and the internal electrodes from silver- 
palladium alloy (10% by weight of Pd included) having thickness of 3 pm, by 
stacking 300 layers each of the piezoelectric layers and the internal electrodes. 
The stack was fired at 1000°C. 
[0135] 

Then a groove measuring 50 p.m in depth and 50 pm width was formed 
at the end of the internal electrode on the side face of the column-shaped stack 
in every other layer by a dicing apparatus, as shown in Fig. 3A. 
[0136] 
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Then 90% by volume of silver powder of flake -like particles having mean 
particle size of 2 jam and 10% by volume of amorphous glass powder having 
softening point of 640°C containing silicon as the main component having 
mean particle size of 2 pm were mixed, and 8 weight parts of a binder was 
added for 100 weight parts in total of the silver powder and the glass powder, 
so as to prepare the electrically conductive silver-glass paste by fully mixing 
the powders. The electrically conductive silver-glass paste thus prepared was 
screen printed onto a release film. After drying, the paste film was peeled off 
the release film to obtain a sheet of electrically conductive silver~glass paste. 
Density of the green sheet as measured by Archimedes method was 6.5 g/cm 3 . 
[0137] 

The sheet of electrically conductive silver-glass paste was transferred 
onto the external electrode surface of the stack as shown in Fig. 3B and was 
baked at 650°C for 30 minutes, thereby forming the external electrode from 
the porous electrically conductive material having three-dimensional mesh 
structure as shown in Fig. 3C. Measurement of the void ratio of the external 
electrode by means of image analysis apparatus on a photograph of a cut 
surface of the external electrode showed a void ratio of 40%. Analysis by 
Electron Probe Micro Analysis (EPMA) showed junction was formed through 
cross diffusion of silver included in the electrically conductive silver-glass 
paste and silver-palladium alloy in the internal electrode and the neck was 
formed through diffusion of palladium from the internal electrode at the 
junction with the internal electrode. Further, measurement on section 
photograph of the external electrode showed that void ratio in the junction 
between the external electrode and the side face of the stack was about 50%. 
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[0138] 

Then lead wires were connected to the external electrodes, and DC 
electric field of 3 kV/mm was applied between the positive and negative 
external electrodes via the lead wires so as to apply polarization treatment for 
15 minutes, thereby to complete the multi-layer piezoelectric actuator as 
shown in Fig. 1. 
[0139] 

When a DC voltage of 170 V was applied to the multi-layer piezoelectric 
actuator made as described above, displacement of 45 ]im was observed in the 
direction of stacking. Operation test was conducted on this actuator by 
applying an AC voltage varying between 0 V and +170 V at frequency of 150 
Hz at room temperature to undergo 2 x 10 8 cycles of operation, and 
displacement of 45 jim was observed with no abnormality in the external 
electrodes being observed. A multi-layer piezoelectric actuator was made 
similarly to the above except for varying the density of the green electrically 
conductive silver-glass paste and forming external electrodes having void ratio 
of 30% by volume and 70% by volume. When the multi-layer piezoelectric 
actuator was operated to undergo 2 x 10 s cycles, displacement of 45 iim was 
observed and no abnormality in the external electrodes was observed. 
Comparative Example 1 
[0140] 

A multi-layer piezoelectric actuator was made with constitution similar 
to that to that of Example, except for applying the green electrically conductive 
silver-glass paste to the side face of the stack and drying (density 9.1 g/cm 3 ) 
with the baking temperature changed to 820°C. In this case, the external 
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electrodes were not formed in three-dimensional mesh structure, but were 
formed in bulk having spherical voids with voids ratio of 10%, and were 
bonded onto the side face of the stack over the entire surface. 
[0141] 

Operation test was conducted on this actuator by applying an AC 
voltage varying between 0 V and +170 V at frequency of 150 Hz similarly to 
Example, and the external electrode was broken after 5 x 10 6 cycles of 
operation and spark occurred. 
Example 2 
[0142] 

In Example 2, the multi-layer piezoelectric element of the present 
invention was made as described below. 

First, a slurry was prepared by mixing a calcined powder of piezoelectric 
ceramics containing PZT as the main component, a binder and a plasticizer, 
and the slurry was formed into a ceramic green sheet that would become the 
piezoelectric layer 1 having thickness of 150 pjn by doctor blade method. 

Then an electrically conductive paste, prepared by adding a binder to 
the silver-palladium alloy comprising a mixture of 85 to 95% by weight of 
silver and palladium, was applied to one side of the ceramic green sheet to a 
thickness of 3 pm by screen printing process. Then 300 pieces of the ceramic 
green sheets were stacked and fired at a temperature of 980 to 1100°C 3 
thereby to obtain the stack 10 shown in Fig. 1, 
[0143] 

Then a groove measuring 50 pm in depth and 50 pm in width was 
formed at the end of the internal electrode 2 located on the side face of the 
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stack 10 in every other layer, by means of a dicing apparatus, as shown in Fig. 
3A. 

Then 84 to 97% by weight (Y %) of silver powder of flake-like particle 
shape having mean particle size of 2 pm and amorphous glass powder having 
softening point of 640°C containing silicon as the main component having 
mean particle size of 2 pm were mixed, and 8 weight parts of a binder was 
added for 100 weight parts in total of the silver powder and the glass powder, 
so as to prepare the electrically conductive silver- glass paste by mixing the 
powders. The electrically conductive silver-glass paste thus prepared was 
screen printed onto a release film. After drying, the paste film was peeled off 
the release film to obtain a sheet of the electrically conductive silver-glass 
paste. The sheet of electrically conductive silver-glass paste was transferred 
onto a pair of opposing side faces of the stack 10 and was bonded by baking at 
650°C for 30 minutes, thereby forming the external electrode 4. 
[0144] 

In the junction between the internal electrode and the external electrode 
4, the neck 4b is formed through cross diffusion of the silver-palladium alloy 
contained in the internal electrode 2 and silver contained in the electrically 
conductive silver-glass paste of the external electrode 4. Analysis of the neck 
4b by EPMA showed that palladium had diffused from the internal electrode 2. 
[0145] 

Measurement on a section photograph of the external electrode 4 
showed that void ratio in the internal electrode 2 formed as described above 
was 40%. Further measurement on section photograph of the external 
electrode 4 showed that void ratio in the junction between the external 
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electrode 4 and the side face of the stack 10 was about 50%. It was also found 
that a glass-rich layer was formed on the surface of the external electrode 4 on 
the piezoelectric layer side wherein the glass component of the electrically 
conductive silver-glass paste was concentrated. 

Then lead wires were connected to the external electrodes, and DC 
electric field of 3 kV/mm was applied between the positive and negative 
external electrodes via the lead wires so as to apply polarization treatment for 
15 minutes, thereby to complete the multi-layer piezoelectric actuator as 
shown in Fig. 1, 
[0146] 

In the multi-layer piezoelectric actuator of the present invention made 
as described above, the proportion X (% by weight) of silver in the electrically 
conductive material of the internal electrode 2 and the proportion Y (% by 
weight) of silver in the external electrode were controlled to satisfy conditions 
of X > 85, and the operation of the multi-layer piezoelectric actuator was 
studied in relation to the value of X/Y. 

As comparative examples, samples were made with the value of X/Y 
controlled to satisfy X/Y < 0.9 or X/Y > 1.1. 
[0147] 

When a DC voltage of 185 V was applied to the multi-layer piezoelectric 
actuator that was made as described above, displacement of 49 pm was 
observed in the direction of stacking in all of the multi-layer piezoelectric 
actuators. Operation test was conducted on these multi-layer piezoelectric 
actuators by applying an AC voltage varying between 0 V and + 185 V at 
frequency of 150 Hz at room temperature to undergo 2 x 10 8 cycles of operation. 
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The results are shown in Table 1. 
[0148] 

Table 1 



Sample 
No. 


Proportion X of 
silver by weight in 
internal electrode 


Proportion Y of 
silver by weight in 
external electrode 


Ratio 
X/Y 


Evaluation (After 
2 x 10 s cycles) 


1 


95 


97 


0.98 


No abnormality 


2 


95 


86.5 


1.1 


No abnormality 


3 


88 


97.5 


0.9 


No abnormality 


*4 


85 


97 


0.88 


Amount of 
displacement 
decreased. 


*5 


95 


84 


1.13 


Amount of 
displacement 
decreased. 



[0149] 

From Table 1, it can be seen that, in sample No. 4 that was a 
comparative example where the value of X/Y was less than 0.9 resulting in the 
silver content in the internal electrode 2 lower than that of the external 
electrode 4 and higher melting point of the internal electrode 2 due to less 
silver content in the internal electrode 2 ? less cross diffusion of silver between 
the internal electrode 2 and the external electrode 4 occurred leading to lower 
strength of the neck 4b. As a result, when the multi-layer piezoelectric 
actuator was operated continuously at a high speed, the neck 4b was broken 
due to the stress generated by the expansion and contraction of the stack 10 
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thus shutting off the current supply to part of the piezoelectric layers 1. 
Consequently, the amount of displacement of the stack 10 decreased as the 
number of operation cycles increased, thus showing lower durability of the 
multi-layer piezoelectric actuator. 
[0150] 

In sample No. 5 that was a comparative example where value of X/Y 
was higher than 1.1 resulting in the silver content in the external electrode 4 
lower than the silver content in the electrically conductive material of the 
internal electrode 2, less cross diffusion of silver between internal electrode 2 
and the external electrode 4 occurred. As a result, the neck 4b was broken due 
to the stress generated by the expansion and contraction of the stack 10 thus 
shutting off the current supply to part of the piezoelectric layers 1, similarly to 
the sample described above. Consequently, the amount of displacement of the 
stack 10 decreased as the number of operation cycles increased, thus showing 
lower durability of the multi-layer piezoelectric actuator. 
[0151] 

In samples Nos. 1 through 3 that were multi-layer piezoelectric 
actuators of the present invention where silver content was controlled so as to 
satisfy the conditions of X > 85 and 0,9 < X/Y < 1.1, cross diffusion of silver 
between the internal electrode 2 and the external electrode 4 was accelerated 
so as to form firm bonding between the internal electrode 2 and the external 
electrode 4. As a result, displacement of 49 pm was observed after 2 x 10 s 
cycles of operation and no trouble such as spark or breakage was observed in 
the external electrode 2 x 10 s cycles of operation. Thus the multi-layer 
piezoelectric actuator showed excellent durability. 
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Example 3 

[0152] 

In Example 3, multi-layer piezoelectric actuators were made by using 
the internal electrodes 2 formed from an electrically conductive paste prepared 
by adding calcined powder of piezoelectric material to the silver-palladium 
alloy, while controlling the proportion Z (% by weight) of silver in the internal 
electrode 2 containing the electrically conductive material and the piezoelectric 
material, the proportion Y (% by weight) of silver in the external electrode 4 
and the proportion Z (% by weight) of silver in the internal electrode 2, and 
operation of the multi-layer piezoelectric actuator was checked in relation to 
the value of Z/Y. Manufacturing method was similar to that of Example 2, 
[0153] 

When a DC voltage of 185 V was applied to the multi-layer piezoelectric 
actuator made as described above, displacement of 49 jim was observed in the 
direction of stacking in all samples. Operation test was conducted on these 
multi-layer piezoelectric actuators by applying an AC voltage varying within a 
range from 0 V and + 185 V at frequency of 150 Hz at room temperature to 
undergo 5 x 10 s cycles of operation. The results are shown in Table 2. 
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[0154] 

Table 2 



Sample 
No. 


J X U \jyjL LlU.il Zj Ul ollvtil 

by weight in internal 
electrode 


Proportion Y of silver 
by weight in external 
electrode 


Ratio 
Z/Y 


Evaluation 
(After 5 x 10 s 
cycles) 


6 


80 


97 


0.82 


No abnormality 


7 


86.5 


86.8 


1 


No abnormality 


8 


68.5 


97.5 


0.7 


No abnormality 


9 


90 


84 


1.07 


Amount of 
displacement 
decreased. 


10 


63 


96 


0.66 


Amount of 
displacement 
decreased from 
start. 



[0155] 

From Table 2, it can be seen that, in sample No. 9 where value of Z/Y 
was higher than 1.0 resulting in less content of the piezoelectric material in 
the internal electrode 2 and weaker bonding between the internal electrode 2 
and the piezoelectric layer 1. As a result, part of the internal electrode 2 and 
the piezoelectric layer 1 peeled off thus shutting off the current supply to part 
of the piezoelectric layers 1. Consequently, the amount of displacement 
decreased. 
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In sample No. 10 where value of Z/Y was less than 0.7 resulting in less 
content of the silver in the internal electrode 2 and higher resistance of the 
external electrode 4 than that of the internal electrode 2. As a result, when 
operated continuously with a high frequency, the piezoelectric layer 1 could not 
be supplied with sufficient voltage due to the voltage drop caused by the high 
resistance of the internal electrode, and the amount of displacement decreased. 

In samples Nos. 6 through 8, displacement of 49 pm was observed after 
5 x 10 s cycles of operation and no trouble such as breakage in the junction 
between internal electrode 2 and the external electrode 4 was observed. 

Example 4 

[0156] 

The multi-layer piezoelectric actuator comprising the multi-layer 
piezoelectric element of the present invention was made as described below. 

First, the stack 10 shown in Fig. 1 was made similarly to Example 5, 
and a groove measuring 50 pm in depth and 50 jim in width was formed at the 
end of the internal electrode 2 located on the side face of the stack 10 in every 
other layer, by means of a dicing apparatus, as shown in Fig. 3A. 
[0157] 

Then 80 to 99.5% by weight of silver powder having mean particle size 
of 2 pm and glass powder containing at least one of lead oxide and bismuth 
oxide having mean particle size of 2 pm were mixed, and a binder was added 
so as to prepare the silver-glass paste for lower layer. The silver-glass paste 
for upper layer was prepared similarly by adding a binder to the silver powder 
having mean particle size of 2 pm. 
[0158] 
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The silver-glass paste for lower layer was applied to a release film by 
screen printing to a thickness of 5 to 40 jam. After drying, the silver^glass 
paste for upper layer was applied thereto by screen printing to a thickness of 5 
to 40 pjn. After drying, the paste sheet was peeled off the release film and was 
transferred onto the pair of opposing side faces of the stack 10 so that the 
silver-glass paste for lower layer faces the surface of the stack 10, and was 
baked at 800°C for 30 minutes, thereby forming the external electrode 4. 
Integration of Y in equation 1 with time (minute) gave a value of 3240. 
[0159] 

Quantitative analysis of elements in the internal electrode 2 was 
conducted along line X shown in Fig. 2B by EPMA. It was found that silver 
content in the electrically conductive material of the internal electrode 2 
gradually increased from a point 50 pm short of the junction with the external 
electrode 4 toward the junction with the external electrode 4 as shown in Fig. 5. 

In the joint between the internal electrode 2 and the external electrode 4, 
the neck 4b was formed through cross diffusion of the silver-palladium alloy 
contained in the internal electrode 2 and silver contained in the external 
electrode 4. Analysis of the neck 4b by EPMA showed that palladium had 
diffused from the internal electrode 2. 
[0160] 

It was also found that a glass-rich layer was formed on the surface of the 
external electrode 4 on the piezoelectric layer side wherein the glass 
component was concentrated- The glass component existed in a region 
substantially not more than 60% in thickness of the external electrode 4 on the 
side of the surface of the stack 10. 
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Then lead wires were connected to the external electrodes, and DC 
electric field of 3 kV/mm was applied between the positive and negative 
external electrodes via the lead wires so as to apply polarization treatment for 
15 minutes, thereby to complete the multilayer piezoelectric actuator as 
shown in Fig. 1. 

Example 5 

[0161] 

In Example 5, several kinds of multi-layer piezoelectric actuator were 
made by a manufacturing method similar to that of Example 4, except for 
altering the kind of electrically conductive paste used to form the external 
electrode 4 and the temperature of baking thereof. The multi-layer 
piezoelectric actuator thus obtained was analyzed to determine the ratio of 
silver content in the vicinity of the junction between the electrically conductive 
material of the internal electrode 2 and the external electrode 4 to silver 
content in the stack 10. When a DC voltage of 185 V was applied to the multi- 
layer piezoelectric actuator made as described above, displacement of 49 pm 
was observed in the direction of stacking in all of the multilayer piezoelectric 
actuators- Operation test was conducted on these multi-layer piezoelectric 
actuators by applying an AC voltage varying between 0 V and + 185 V at 
frequency of 150 Hz at room temperature to undergo 2 x 10 8 cycles of operation. 
The results are shown in Table 3. 



70 



[0162] 

Table 3 



Sample 
No. 


Proportion of silver in internal 
electrode 


Ratio of silver 
content 
(E/I) 


Evaluation (After 
2 x 108 cyc i es ) 


Inside 
stack (1%) 


Near junction with 
external electrode 
(E%) 


11 


95 


98 


1.03 


No abnormality 


12 


85 


95 


1.12 


No abnormality 


*13 


95 


95 


1.00 


Amount of 
displacement 
decreased. 



[0163] 

From Table 3, it can be seen that in sample No. 13 , where the ratio of 
silver content in the vicinity of the junction between the electrically conductive 
material of the internal electrode 2 and the external electrode 4 to silver 
content in the stack 10 is not higher than 1, that is, the silver content in the 
vicinity of the junction between the electrically conductive material of the 
internal electrode 2 and the external electrode 4 is not higher than the silver 
content in the electrically conductive material of the internal electrode 2 inside 
of the stack 10, bonding in the junction between the internal electrode and the 
external electrode is weak. As a result, part of the junction between the 
internal electrode 2 and the external electrode 4 comes off leading to failure of 
power supply to part of the piezoelectric layers 1 and lower displacement 
characteristic. 
[0164] 
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In samples Nos. 11 and 12 that are examples of the present invention, 
where the silver content in the electrically conductive material of the internal 
electrode in the vicinity of the junction with the external electrode 4 is higher 
than the silver content in the electrically conductive material of the internal 
electrode 2 inside of the stack 10, bonding in the junction between the internal 
electrode 2 and the external electrode 4 is strong and displacement of 49 pm 
was achieved after 2 x 10 s cycles. Moreover, no trouble such as spark or 
breakage was observed in the external electrode 2 x 10 8 cycles of operation. 
Thus the multi-layer piezoelectric actuator showed excellent durability. 

Example 6 

[0165] 

In Example 6, several kinds of multi-layer piezoelectric actuator were 
made while varying the kind of electrically conductive paste used to form the 
external electrode 4 and the temperature of baking thereof. Sample No. 16 did 
not have glass-rich layer on the surface of the external electrode 4 facing the 
surface of the stack 10, and sample No. 17 contained glass component in a 
region up to 95% of the thickness of the external electrode 4 from the surface of 
the stack. When a DC voltage of 185 V was applied to the multi-layer 
piezoelectric actuator made as described above, displacement of 49 jim was 
observed in the direction of stacking in all of the multi-layer piezoelectric 
actuator. Operation test was conducted on these multilayer piezoelectric 
actuators by applying an AC voltage varying between 0 V and + 185 V at 
frequency of 150 Hz at room temperature to undergo 5 x 10 s cycles of operation. 
The results are shown in Table 4. 
[0166] 
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Table 4 



Sample 
No. 


Glass -rich 
layer 


Distribution of erlass 
component 


Klvfl 1 1 1 55 1r\ r»Ti 

.I..J V d-LU.u L/1UXX 

(After 5 x 10 8 cycles) 


14 


Present 


Within 60% 


No abnormality 


15 


Present 


Within 80% 


No abnormality 


*16 


None 


Within 60% 


Amount of displacement 
decreased. 


*17 


Present 


Within 95% 


Lead wire came off. 



[0167] 

From Table 4, it can be seen that, in sample No. 16 that did not have 
glass-rich layer on the surface of the external electrode 4 facing the surface of 
the stack 10, bonding in the junction between the external electrode 4 and the 
stack 10 was weak. As a result, the external electrode 4 came off the stack 10 
during operation, leading to failure of power supply to part of the piezoelectric 
layers 1 and lower displacement characteristic. In sample No. 17 where glass 
component existed in a region up to 95% of the thickness of the external 
electrode 4 from the surface of the stack, bonding of the solder that fastened 
the lead wire 6 onto the external electrode 4 was weak, and the lead wire 6 
came off during operation. 

In samples Nos. 14 and 15, displacement of 49 iim was achieved after 5 
x 10 s cycles of operation, and no trouble such as breakage of the junction 
between the internal electrode 2 and the external electrode 4 occurred. 
INDUSTRIAL APPLICABILITY 
[0168] 
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The multi-layer piezoelectric element of the present invention can be 
used as a piezoelectric transducer. The multi-layer piezoelectric element of the 
present invention can also be used as a multi-layer piezoelectric actuator for 
fuel injection apparatus of automobile engine, drive unit used in precision 
positioning device or vibration preventing device for an optical apparatus or 
the like. The multi-layer piezoelectric element of the present invention can 
also be used for liquid injection apparatus for automobile fuel and ink of ink jet 
printer or the like. 
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